The purpose of this note is to give the one loop radiative corrections to the top quark pair production in the pp annihilation at the Fermilab Tevatron in the context of the Minimal Supersymmetric Model. We concentrate here on the supersymmetric QCD corrections and give the analytic expression for these corrections. Recently Li et. al. have reported the supersymmetric QCD corrections to this process we indicate clearly a comparison of their and our work. In particular, we find additional corrections [crossed box and gluon selfenergy] at the one loop level which are not given by Li et. al.. Our numerical results disagree with the original claim of Li et. al. The numerical values given by them in a recent erratum do agree with the general trend of our numerical results however the actual values still disagree. We find that the percentage corrections at the hadronic corrections changes from 22% to −0.5% as the squark mass is changed from 100 GeV to 600 GeV, for a gluino mass of 200 GeV. For a gluino mass of 150 GeV the squark-mass dependence is less abrupt; they change from −5.3% to 1% as the squark mass is varied between 100 GeV and 600 GeV. We also present numerical results for differential cross section at the hadronic level, and percentage corrections at the parton level.
I. INTRODUCTION
As is well known by now the top quark existence has been experimentally shown by the CDF [1] and D0 [2] at almost 100% confidence level. Two interesting parameters, the mass of top and the cross section for top pair production, have been found as follows: by the CDF [1] 1. m expt. t = 176 ± 9 GeV, 2. σ expt. tt = 7.6 +1.9 −1.5 pb.
The D0 [2] finds for the same parameters A theoretical fit based on the Standard Model Electroweak Precision calculations gives for the top mass the following limits [4] m t = 179 ± 7 +19(m H =1000 GeV)
here α s = 0.120 ± 0.07 and δ α = 0.03 ± 0.09 are the uncertainities in α s (m Z ) [5] and α(m 2 Z ) [6] , respectively.
Once the main injector upgrade becomes operational in 1999 [7] at Fermilab, the experimental sensitivity will be highly increased. For example the uncertainty in the production cross section will be reduced to 6-11%. The top mass uncertainty will be reduced to around 1-2%. Clearly the agreement between standard model theory and experimental results is not close enough to include moderate shifts from the SM results.
We have considered the complete one loop SUSY corrections to the process−→ tt.
These include SUSY-QCD and SUSY-QFD corrections not ignoring the box [both direct
and crossed boxes]. Although box diagrams in general give a small contributions one must include them for completeness and exact numerical predictions. The purpose of this note is to concentrate on the complete one loop supersymmetric QCD corrections. Recently Li et.
al. [8] have reported the one loop SUSY-QCD corrections. We give a comparison between their and our work. In particular we find additional corrections [crossed box and gluon self-energy] which are not given by them. Several mistakes/misprints in their work are also noted, however their erratum [8] now corrects these. Importantly our numerical work does not agree with their original claim [8] . However their numerical values given in the erratum [8] agrees now with the general trend that we give in this report. There still remains some disagreements as we report in section 4. We also give the energy dependence of the cross section and differential cross sections at the parton level. This allows us to compare our results with the one loop correction to the same subprocess in the standard model [9] . One may use the parton level values to study the details of the SUSY corrections more directly.
The one loop Electroweak corrections to the process−→ tt have been considered by several groups [10] in the context of MSSM. Our results on these will be be presented in a subsequent paper. The complete SUSY corrections to the processes−→ qq,−→ qq,−→ gg, and qg −→ qg are being considered by [11] .
The layout of this paper is as follows. In next section we give the one loop SQCD radiative corrections to the process−→ tt which arise from the gluon self-energy, the quark wave function renormalization and the triangle diagrams. For completeness we also include the Born expression for the process−→ tt. In Sec. 3, we write out the results for the corrections arising from the box diagrams [direct and crossed] due to the squarks and gluinos. Sec. 4 gives the numerical results. For our numerical work we use the Fortran code FF [12] for the evaluation of the scalar integrals [13] , and the MRSA parton distributions of Martin et. al. [14] and finally the integrations are carried out by using BASES [15] . We have made several cross checks to make sure to eliminate any numerical errors. In the appendix we give the box contribution using the same momentum assignment of [8] . We compare our results with [8] wherever required.
II. TREE, AND THE ONE-LOOP CONTRIBUTIONS IN SQCD [EXCEPT FOR
BOX ] TO THE PROCESS−→ tt.
At the parton level the processes responsible for the production of top • The fusion of gluon-pair into top anti-top via a virtual gluon or a virtual topquark exchange
Particle momenta have been shown in the parentheses. The schematic diagram for the first process is shown in Fig. 1 , which is the reaction we choose to concentrate in this paper.
To get a complete analysis one must include the second process as is done for the standard model [9] , although it contributes only 10% at the Tevatron. We work with the Mandelstam variables s, t, and u defined aŝ
The Mandlestam variables satisfy the relationŝ +t +û = 2m 2 t where we have taken the initial parton mass as zero. With our momentum assignments the leading order QCD matrix element of quark antiquark annihilation is given by
It is straightforward to obtain from the above equation the square of the Born matrix element averaged over initial spin and color degrees of freedom and summed over the final ones. We immediately obtain¯
here and elsewhere in this paper we define
The Born differential cross section is readily written as
Using the above equation to integrate overt, and noting that the integration limits oft are in our case are given by the equation
[here β t = 1 − 
We have intentionally written the above result in the form with the color factor separated out. The total amplitude squared upto one loop can be written as
The total self-energy and wave-function renormalization [sew] contribution to the process−→ tt can be written as
The gluon self energy diagram is shown in Fig. 2a . We renormalize the SUSY contribution to the QCD coupling α s at zero momentum transfer. The gluon self-energy gets contribution from a gluino loop and s-quark loop. One may write
The sum over two complex scalar fermions [16] 
The wavefunction renormalization [ Fig 
and B q to be used below is given by
The total Triangle contribution to the process−→ tt can be written as
Here i=1,2
We note that Li et. al. [8] have written 2ŝm
as the coefficient of their F 5 which is equal to 2ŝ 2 . In the above Eqs.29 and 30 the arguments of the C integral are
The expression for M T2 M † 0 [ Fig. 3b ] is rather simple. We can simply obtain it from the above by setting m t = 0. As a double check we have also calculated it directly and the result reads
Here only i=1 case is nonzero
In the above Eq.32 the arguments of the C integral are C ij (−p 1 , p 5 , mg, mq 1 , mq 1 ).
We now give the expression for Fig. 3c
In the above Eqs.34 and 35 the argument of the C integral are C ij (−p 3 , p 5 , mt 1 , mg, mg).
The triangle diagram for the qqg vertex is calculated directly and also as double check got from T3, by first replacing m t by m q and then setting the latter equal to zero. One
Here i=1
In the above, Eq.37, the arguments of the C integral are
One can see from the above contributions of self energy ,wave function renormalization and triangles that they all factor into something times tree level amplitude except for contributions from triangle diagrams, Eqs.30 and 35. These arise since the top mass cannot be ignored! From the arguments of the above loop integrals we see immediately that they do not depend on the t-channel variable. From these simple observations one can see that the integration over t-channel variable for the above contributions is straightforward. This is not the case for the box diagrams since the box loop integrals depend explicitly on the t and u channel variables.
III. CONTRIBUTION FROM THE BOX DIAGRAMS
The total box contribution to the process−→ tt can be written as
where
Here i=0,11,12,13,23,24,25,26 and 27. By using the notation
we find for the direct-box diagram [ Fig. 4a ] contribution:
In the above, the arguments of the D-functions are
For the contribution of the crossed-box diagram [ Fig. 4b ], we find
with
We are now in a position to write the expression for top pair production in proton antiproton collision by weighing our expressions for differential cross section and cross section of the subprocess−→ tt by the parton distribution functions and integrating over the parton variables i.e.,
Here dσ represents the subprocess cross section at c.m. energy square ofŝ = x 1 x 2 s, where √ s is the c.m. energy of the pp system. In our numerical calculation, we adopt the MRSA parametrization [14] for effective parton distribution evaluated at Q 2 = m 
IV. NUMERICAL RESULTS AND CONCLUSIONS
To facilitate comparison with work of [8] we give our numerical results for the same parameter values as in [8] . A more detailed numerical work will be given elsewhere. We thus take m t = 170 GeV, and assume no mixing between the squarks. The mass splitting between the squarks of different flavors is also ignored [8] . The common squark mass is denoted by mq.
We first consider percentage one loop corrections at the hadronic cross section as a function of the squark mass. Taking the gluino mass to be 150 GeV we find the percentage corrections changes from −5.3% somewhat different from our values. We find for the gluino mass of 200 GeV, the relative corrections of 22%, 9%, 6%, 3%, 1%, −0.5% for mq = 100, 200, 300, 400, 500, 600 GeV respectively, which should be compared with 31%, 18%, 11%,9%, 7%, 6% of the revised values of [8] .
A comment is in order. It can be noticed from our Fig. 6 ,that the corrections change rapidly from 22% to 0% as squark mass changes from 100 GeV to 600
GeV. As remarked before it is only the box loop correction which depends on the t-channel variable or on θ cm . If the box corrections are not larger than the other contributions, one would naively expect the percentage differential cross section to show only a weak dependence on θ cm . This is indeed the case as can be seen by comparing Figs. 5 and 6.
It is useful to give the percentage correction at the parton level since among other things they facilitate a comparison with correction found in the context of standard model [9] . Moreover the corrections at the parton level can provide more direct and detailed tests of SUSY corrections. We first show in Fig. 7 In order to clarify structure of the SUSY radiative corrections, we show in Figs. 8a and 8b contributions from the gluon self-energy correction (dotted line), the sum of the triangle and quark wave-function corrections (short-dash), the direct-box (long-dash) and the crossed-box (dash-dotted) contributions separately. Fig. 8a is for mg = 150 GeV and Note added:After the calculation was completed and the present paper was being written up: the following works came to our attention: 1: J. Kim et al. [17] examine both the SUSY Electroweak and SUSY QCD like correction. However they do not include box diagrams and claim that the box contributions are small citing J. Ellis and D. Ross, [11] and P. Kraus and F. Wilczek, [18] works as evidence.
These authors state that their results for SUSY QCD agree with Ref. [8] while those of SUSY Electroweak disagree with J. Yang and C.S. Li [10] .
2: J. Ellis and D. Ross [11] work at the parton level considering the processes−→−→ qq,−→ gg, and qg −→ qg. However they do not consider tt cross section as it requires separate treatment.
3: P. Krauss and F. Wilczek [18] also studied the SUSY corrections to the quark gluon scattering processes in the limit of large SUSY particle masses. 
APPENDIX: CONTRIBUTION FROM THE BOX DIAGRAMS
As already mentioned we give in this appendix the box results in the notation of Li et al. [8] , for the purposes of exact comparison. The total box contribution to the process−→ tt can be written as
Here i=0,11,12,13,23,24,25,26 and 27.
We note that the following relations hold between our A's and σ's of [8] 2A
Here the arguments of the D-functions are
The above results for the direct box agree with [8] after taking account of their erratum.
Although Ref. [8] does not give the contributions of the crossed-box diagram, we give our result in their notation.
Here i=0,11,12,13,23,24,25,26 and 27. We note that the crossed box color factor is smaller by a factor of 2 7 compared to the direct box, and it contributes destructively with the direct-box contribution; see Eq. A1. Top quark mass =170 GeV^^^3
